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ABSTRACT
Lyme disease is the most important zoonosis in the northern hemisphere, and the
causative agent, Borrelia burgdorferi sensu lato, circulates between Ixodes tick vectors
and a large range of vertebrate hosts, including songbirds. Songbirds are particularly
interesting reservoirs because they have the potential to rapidly expand the spatial
distribution of B. burgdorferi, and species differ in their ability to transmit B. burgdorferi
to uninfected ticks. The sensitivity of B. burgdorferi to serum from eight different
songbird species was analyzed by incubating B. burgdorferi with the serum of wildcaught birds for one and four hours and determining the number of live and dead Borrelia
using BacLight stain and fluorescence microscopy. In a follow-up experiment,
complement pathway activation was assessed by chelating serum with MgEGTA
(ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid and MgCl2) to
selectively block the classical complement pathway, EDTA (ethylenediaminetetraacetic
acid) to block both the classical and alternative complement pathways, and by heat
inactivating serum to block both pathways. Reservoir-incompetent gray catbirds
(Dumetella carolinensis) killed 28% more B. burgdorferi than reservoir-competent
American robins (Turdus migratorius) at four hours (F2, 52=8.56, p<0.001), suggesting that
an immune defense mechanism underlies the previously documented differences in
transmission rates. In the mechanism-determination experiment, EDTA-treated catbird
serum killed almost 30% more B. burgdorferi than normal serum or serum treated with
MgEGTA or heat inactivated (F4, 70=4.51, p=0.003), which contradicts previous findings
that the alternative pathway is responsible for borreliacidal activity, but the results of this
experiment were somewhat equivocal. It is hypothesized that differences in borreliacidal
abilities of different hosts such as robins and catbirds are due to B. burgdorferi’s ability
to evade complement-mediated lysis in certain hosts. Studying the processes of pathogen
circulation in natural host populations is required for assessing their relevance to
ecosystem dynamics and public health.
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INTRODUCTION
The recent increase in zoonotic diseases that have crossed over into the human
population exemplifies the tight link between ecosystem pathogen dynamics and human
health risk. Immunological responses of wild vertebrates to various pathogens are still
understudied despite this potential relevance to public health (Chambert et al., 2012).
Most immunological profiles currently come from human studies or model laboratory
animals which cannot fully mimic the species-specific mechanisms and ecological
interactions involved in immune defense of other hosts (Staszewski et al., 2007).
Studying these differences in immune function in natural host populations is critical in
understanding the dynamics of the pathogen and predicting the risk they pose to human
and animal populations (Chambert et al., 2012).

Prevalence and symptoms of Lyme disease
Lyme Borreliosis (LB) is considered the most important human tick-borne
zoonosis in the northern hemisphere, significantly affecting populations in the United
States and Europe. In 2011, reported incidence of LB in the United States was
7.8/100,000, with 96% of incidence from 13 states: Connecticut, Delaware, Maine,
Maryland, Massachusetts, Minnesota, New Hampshire, New Jersey, New York,
Pennsylvania, Vermont, Virginia, and Wisconsin. The incidence rate in Maine in 2011
was 60.3/100,000 people (“Lyme Disease,” CDC). Incidence in Europe in 2011 was
8.9/100,000 people with similarly unbalanced distribution (Rizzoli et al., 2011).
The causative agent, Borrelia burgdorferi sensu lato, was first identified and
isolated in 1982 (Hunfeld, 2006). B. burgdorferi is an obligate parasite that circulates
between Ixodes tick vectors and a large range of vertebrate hosts, including humans.
2

When an infected tick bites a human, the highly motile spirochetes spread through the
dermis, causing the signature bull’s eye rash clinically known as an erythema migrans.
The spirochete then spreads and establishes itself in a wide range of organs, resulting in a
diverse set of clinical manifestations. These include flu like symptoms, secondary
erythema migrans, carditis, arthralgia, arthritis, and a variety of neurological problems
that can result in paralysis or blindness if left untreated (Fikrig & Narasimhan, 2006).

The relationship of B. burgdorferi with the tick vector
Competent tick vectors include members of the Ixodes persulcatus group of ticks
including I. scapularis and I. pacificus in the eastern and western United States
respectively, and I. ricinus and I. persulcatus in Europe and Eurasia, respectively (Fikrig
& Narasimhan, 2006). In the Northeastern United States, I. scapularis feeds on many
mammal species but most often infects the white footed mouse (Peromyscus leucopus)
and the white tailed deer (Odocoileus virgianus). Various species of birds also serve as
reservoir hosts (Bishop et al., 1994). Humans are not usual hosts, but chance encounters
of humans with infected ticks results in the transmission of B. burgdorferi and subsequent
LB (Fikrig & Narasimhan, 2006).
Ixodes ticks undergo four life stages: egg, larva, nymph, and adult. After hatching
as an egg, a tick must acquire a blood meal at every stage in order to survive. Eggs are
usually laid in the spring, and larvae hatch in the summer. It can take up to three years to
complete the full life cycle depending on the rate of host encounter. To encounter hosts,
ticks quest on the tips of low vegetation such as high grass. In desiccating conditions,
ticks quest in the litter zone and quest for shorter periods of time. Serious desiccation can
affect tick population dynamics (Gern, 2008).
3

Larvae are not infected upon hatching and must acquire infection by feeding on
an infected host. Ticks at different stages in their life cycle appear to prefer certain hosts
to others. Adult ticks prefer large mammal hosts such as deer and cattle. These hosts are
deemed reproduction hosts because they do not transmit infection but help maintain the
tick population. Larvae and nymphs are able to feed on these large mammal hosts but
also feed on smaller mammals and birds (Gray, 1998). Additionally, host preference
appears to be seasonally dependent. During the peak nymphal season of mid-June to
mid-July, Rand et al. (1998) found 4-5x more nymphs per individual on songbirds than
on the white footed mouse, and 4-5x more larvae per individual on the white footed
mouse than on songbirds. This demonstrates two important concepts in the ecology of B.
burgdorferi: the intricacies in pathogen-host relationships and the effect of seasonality
and host population structure on the prevalence of Lyme disease in a certain area.

The genetics of B. burgdorferi
During the 24 to 48 hours that Ixodes ticks attach to vertebrate hosts while
acquiring a blood meal (Tsiodras et al., 2008), important changes in gene expression of B.
burgdorferi facilitate both the transmission and establishment of infection within the tick.
These changes are modulated through pH, temperature, and spirochete density (Fikrig &
Narasimhan, 2006).
In order for B. burgdorferi to travel from the circulatory system of the host to the
tick midgut, the spirochete upregulates major outer surface proteins, OspA and OspB,
which interact with a tick protein, TROPSA, to tether the spirochete to the midgut,
allowing it to evade digestion and defense pathways of the tick. B. burgdorferi remains
in the tick midgut until the tick acquires a second blood meal to molt into its next
4

lifecycle stage. During this second feeding, the tick can infect the new vertebrate host
(Fikrig & Narasimhan, 2006). Initiation of feeding signals B. burgdorferi to replicate
exponentially, and a simultaneous down regulation of OspA, OspB, and TROPSA allow
B. burgdorferi to detach from the midgut and travel through the hemolympth to the
salivary glands where the spirochete eventually exits the tick. OspA downregulation is
paired with an upregulation of a different outer surface protein, OspC, to facilitate
migration from the midgut to the salivary glands and establish infection in the vertebrate
host (Kurtenbach et al., 2002). Almost no transmission of B. burgdorferi from the tick to
the vertebrate host occurs during the first day of feeding while these changes in gene
expressions take place (Zeidner et al., 1997).
The genome of the B. burgdorferi sensu lato compex is unusual and complex in
comparison to other bacteria. There are 11 species that are thought to be only found only
in Eurasia, (B. afzelii, B. bavariensis, B. garinii, B. japonica, B. lusitaniae, B. sinica, B.
spielmanii, B. tanukii, B. turdi, B. valaisiana, and B. yangtze), five thought to be only
found in the U.S. (B. americana, B. andersonii, B. californiensis, B. carolinensis, and B.
kurtenbachii), and only three found across both continents (B. burgdorferi sensu stricto
(s.s.), B. bissettii, and B. carolinensis). Of these, only B. burgdorferi s.s., B. afzelii, and
B. garinii, are thought to cause LB both in the USA and in Europe (Rudenko et al.,
2011).

The B. burgdorferi sensu lato complex consists of 11 genospecies that differ by a
limited number of loci. These include B. afzelii, B. garinii, B. burgdorferi sensu stricto,
B. valaisiana, andB. lusitaniae, B. bissettii, B. japonica, B. andersonii, B. turdi, B.
5

tanukii, and B. sinicia (Kurtenbach et al., 2002). Of these, Additionally, the genome
contains one chromosome and 21 extrachromosomal DNA elements, and more than 40%
of its genome is represented on highly redundant linear plasmids and circular plasmids.
Both of these numbers are the largest reported for any known bacterium. These plasmids
are maintained at the same copy number as the chromosome, suggesting tight regulation
of its partitioning and replication. Additionally, there are as many as 91 plasmid
lipoprotein-encoding genes and 41 chromosomal liproprotein genes, many of which are
unique to the Borrelia genus and likely code for surface proteins involved in the complex
mechanisms of transmission (Fikrig & Narasimhan, 2006, Fraser et al., 1997).

The relative impact of different reservoir hosts
B. burgdorferi can infect a wide range of host species, allowing it to maintain
prevalence during changing seasons or host population dynamics. Mather et al. (1989)
defines a competent reservoir as a species that effectively transmits B. burgdorferi to an
uninfected tick during a bloodmeal. The relative impact of a reservoir to the spread or
maintenance of the spirochete depends on a species’ infectivity to the tick, host density,
and the degree of tick-host contact. In other words, if a species is highly infective but is
present in low density, its role as a reservoir is less important than a highly dense species.
Although the white footed mouse is the primary reservoir in the northeast, in areas
without the white-footed mouse, other rodents including meadow voles (Microtus
pennsylvanicus) and Norway rats (Rattus norvegicus) serve as competent reservoirs.
Much less attention has been paid to birds that are considered secondary hosts for B.
burgdorferi (Ginsberg et al., 2005).
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This diversity of hosts may have contributed to the genetic variation within the B.
burgdorferi s.l. complex, and different strains have adapted to different hosts. Adaption is
dependent on the specific genospecies’ ability to evade a specific host species’
complement both within the vertebrate host and the tick midgut. This allows for
continual transmission from the host to the vector. B. afzelii, B. japonica, B. garinii
NT29 and B. lusitaniae are adapted to mammalian hosts. Therefore, when a tick feeds on
a mammal host infected with one of these genospecies, the pathogen is successfully
transmitted to the tick and survives in the midgut until the tick feeds again. B. valaisiana
and B. garinii 20047 are adapted to avian hosts and therefore only survive and are
successfully transmitted from an avian host. In mismatched pairs of the genospecies and
the host species, it is hypothesized that host complement kills the pathogen, and the host
becomes a dead end for B. burgdorferi (Kurtenbach et al., 2002). The complement
system and its relationship with Borrelia will be further explained later.
Specific host association driven by immune system responses is the likely cause
of the geographic distribution of different genospecies of B. burgdorferi (Kurtenbach et
al., 1998). Therefore, strains associated with rodent populations will show local
distribution patterns within 200-300m, whereas strains associated with migratory birds
will reflect continental and trans-continental strain distribution (Kurtenbach et al., 2002).
Although there appear to be intrinsic host-parasite interactions that impact the relative
role of various hosts, other factors such as climate, vegetation, tick questing height, and
tick infestation rates determine the relative role a species plays in transmission
(Kurtenbach et al., 2002).

7

Birds as reservoir hosts for pathogens in general
Birds are particularly interesting reservoirs for microorganisms because their
migratory behavior allows them to transport pathogens across long distances and
introduce pathogens into non-endemic areas. This potential to disseminate pathogens that
infect humans poses a great public health risk. The danger of this has been seen through
the recent outbreaks of avian influenza and West Nile virus. These diseases eventually
spread to areas far from their initial location, suggesting that migratory birds were
involved in the spread (Tsiodras et al., 2008). Birds are likewise associated with the
spread of LB from the initial three geographic areas of LB: Long Island Sound, Cape
Cod, MA, and Wisconsin (Bishop et al., 1994). During migration, it is possible that a
bird travels hundreds or even thousands of miles before a tick drops off (Tsiodras et al.,
2008). This can result in transcontinental exchange of spirochetes resulting in infection
of ticks in non-endemic B. burgdorferi areas (Tsiodras et al., 2008, Rand et al., 1998).
In addition to having this relationship with B. burgdorferi, wild birds are
speculated or proven to be indirectly linked to several pathogens that affect humans
including Chlamydophilia psittaci which causes ornithosis, Escherichia coli, Salmonella,
Cryptococcus, St. Louis encephalitis virus, western equine encephalitis, and Influenza A
virus. Among these, tick borne encephalitis is the only other pathogen utilizing the tick
vector. Among other birds, blackbirds, sandpipers, wild mallards, and wild grouse have
been associated with encephalitis (Tsiodras et al., 2008).

Birds as reservoir hosts for B. burgdorferi
In one of the first comprehensive studies examining the role of birds as reservoir
hosts for B. burgdorferi, Anderson and Magnarelli (1984) found the highest tick
8

infestation rate on the white footed mouse, but the American robin had the same level of
infected ticks as the white footed mouse with 25% of larvae infected and 29% of nymphs
infected. They found a 7% larvae infection rate and 19% nymph infection rate among
gray catbirds.
In 1986, Anderson et al. isolated B. burgdorferi from the liver of a veery and from
larval Ixodes dammini feeding on a rose-breasted grosbeak (Pheucticus ludovicianus) and
a common yellowthroat (Geothlypis trichas); this was the first time B. burgdorferi was
isolated from a bird or from larval ticks feeding on birds. This evidence supported the
beginning stages of the hypothesis that birds were responsible for long distance dispersal
of B. burgdorferi.
Gray catbirds were determined incompetent reservoirs for B. burgdorferi when
0% of ticks examined by xenodiagnosis after infestation were positive for spirochetemia
in comparison to the 97.5% of positive ticks examined from the white footed mouse
(Mather et al., 1989). In a study done in Wells, Maine, Rand et al. (1998) found similar
incompetence of gray catbirds with 0% larvae infection rates and 6% nymph infection
rates. Song sparrows showed low infection rates as well, particularly among nymph ticks
where only 6% were infected. This was lower than the threshold rate of infection in
questing nymphs at the study site, suggesting these two species may be reducing B.
burgdorferi infection rates. Ticks removed from the American robin and veery had high
infection rates; the robin showed a 17% and 44% infection rate in larvae and nymphs
respectively, and the veery showed a 43% and 27% infection rate respectively. All
infection rates in birds were lower than infection rates among mice-derived ticks, but
avian infection rates and tick burden increased over time from 1989 to 1996.
Additionally important is that 76% of ticks were found on ground feeding and ground
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nesting birds, showing the importance of these behavioral strategies in determining tick
burden.
To examine the effects of previous infection on transmission rates, Ginsberg et al.
(2005) allowed field-caught nymphs to feed on wild-caught birds and on birds previously
infected in the laboratory with B. burgdorferi by a nymph tick. Infectivity was raised
from 16% to 82% in robins previously infected, suggesting either that many wild birds
are not infected or that infectivity fluctuates relative to time of initial infection (Ginsberg
et al., 2005).
Although these studies shed light on varying reservoir competences, they must be
read with the caveat that background infection rates in these wild birds were unknown,
and nymph ticks removed from these birds may have acquired the infection from their
previous bloodmeal (Ginsberg et al., 2005). Additionally, these tick infection rates had
highly variable sample sizes and wide confidence intervals for estimates from some of
the avian host species.
Reported tick burden and infection rates are also dependent on the season and
location of sampling. Anderson and Magnarelli (1984) sampled in Connecticut between
mid-May and September of one year, Mather et al. (1989) sampled on a Lyme-endemic
island in Massachusetts in May and between August and September, and Rand et al.
(1998) sampled in Maine for 6 years between mid-June and mid-July. Ticks collected
from studies conducted in May could have been carried by the bird from distant
migration or overwintering sites, thereby misrepresenting the typical tick burden and
infection rates of that species in the geographic area where birds were captured.
Understanding abundance, tick burden, and B. burgdorferi infectivity for different
host species is important because of the potential for ineffective hosts to dilute the disease
10

risk. This “Dilution Effect Model” states that the higher the species diversity in the
community of tick hosts, the lower the vector infection prevalence because most
secondary hosts have low infectivity to ticks and thus dilute the effects of the most
competent reservoir, the white footed mouse. However, this model must be examined
separately in different ecological contexts (Randolph and Dobson 2012) to determine its
actual significance in impacting enzootic cycles of infection due to site specific
differences in host population structure and B. burgdorferi dynamics. Most comparative
studies looking at the role of birds in the propagation of B. burgdorferi cite them as
dilution hosts (LoGiudice et al., 2002, Mather et al., 1989), but established species
differences in reservoir competency show that different songbird species play variable
roles in pathogen prevalence.
In Europe, Blackbirds (Turdus merula) are the most abundantly tick-infested birds
in Europe, but their tick infection rates are negligible, making them dilution factors for B.
burgdorferi (Matuschka and Spielman, 1992). Similar to blackbirds, gray catbirds are
one of the most common birds to be infected by ticks, and therefore may play an
analogous role in decreasing the prevalence of B. burgdorferi in the United States
(Mather et al., 1989). Robins however, have shown infection rates comparable to the
white-footed mouse (Anderson and Magnarelli, 1984) and therefore clearly do not serve
as dilution hosts.

The vertebrate immune system
Vertebrate immune systems are composed of both innate and acquired immunity
that develops from exposures to pathogens such as B. burgdorferi. The innate immune
system provides broad-spectrum defense very important for initial defense and rapidly
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growing infections. Innate immunity comprises non-specific IgM antibodies and
complement protein mediated lysis. IgM antibodies recognize and attach to invading
organisms and are also responsible for initiating some elements of the complement
cascade, which recognizes and kills extracellular foreign organisms (Mendes et al., 2005,
Lee et al., 2005). The acquired or humoral branch of the immune system, which consists
of mostly IgY antibodies in birds, provides more specific but delayed responses to
foreign antigens. When an antigen enters the organism, specific B-cells and T-cells
attach to target pathogens (Mendes et al., 2005). Acquired immunity memory provides
increased protection to secondary exposures, but memory repertoire for both B-cells and
T-cells is an energy taxing process (Lee et al., 2005).
Because defense benefits are costly, not all organisms have comparable immune
defense. According to the life-history theory, resources must be balanced between
immune defense and other aspects of fitness such as reproduction and nutrition. A
sophisticated innate immune system is costly in terms of nutrients, energy, and behavioral
changes, and can be damaging or fatal if overly vigorous or misdirected (Lee et al.,
2006). Organisms with a low reproductive rate, long development period, long life
spans, and high prevalence of parasites and disease tend to have more sophisticated
immune defense because resources are optimized through maintenance mechanisms to
promote survival, not rapid reproduction (Smidts et al., 2002). Resources devoted by an
individual to immune defense can also vary over time. For example, seasonal migration
is energy intensive and may result in compromised immune defense during that part of
the annual cycle (Mendes et al., 2005).

Differences in avian immune profiles
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Studying interspecies differences in immune system profiles is important in
understanding different host-pathogen relationships. In a study comparing the innate and
acquired immune system of five shorebird species against tetanus and diphtheria toxoid,
Mendes et al. (2005) found high interspecies variation among the complement-mediated
lysis and humoral immune responses after 1st and 2nd vaccination and almost no change in
levels of natural antibodies. This is consistent with findings that suggest that natural
antibodies are not affected by the antigens an organism encounters (Ochsenbein &
Zinkernagel, 2000). Additionally, they found no correlation between the two innate
components or between the innate and acquired components. This suggests that not all
components of the immune system are regulated concurrently, which argues for
comprehensive examinations of the immune system.
Immune defense profiles can affect more than just isolated pathogen interactions;
they can affect the distribution and prevalence of a species. Lee et al. (2005) compared
the adaptive immune response of the house sparrow (Passer domesticus) and the closely
related Eurasian tree sparrow (Passer montanus) to an avian malaria parasite. Both of
these species were introduced to the U.S. from Europe and Eurasia but differ greatly in
their post-introduction range expansion. The ubiquitous house sparrow that has been
shown to have a lower innate immune response showed a higher adaptive immune
response than the geographically isolated, shorter-lived tree sparrow that may have less
of a chance of encountering the same pathogen twice. Although it is sometimes difficult
to distinguish cause and effect, it was hypothesized that these differences in immune
function resulted in the birds’ contrasting abundance and distribution.
In addition to differences among species, there is a lot of intraspecific variation in
immune defense profiles. In birds, immune system composition may be dependent on
13

sex, diet, body condition, parental clutch size, exposure to parasites, sexual ornaments,
within-brood hierarchy, paternity of chicks (Smidts et al., 2002) seasonality, or exercise
(Horrocks et al., 2011). When under stress or in times of limited resources, energy may
be re-allocated from immune defense to other more pressing survival mechanisms
(Martinez et al., 2003).

The complement pathway
The complement system is part of the innate immunity and is composed of two
main pathways; the antibody dependent classical complement pathway (CCP) and the
antibody-independent alternative complement pathway (ACP). These pathways are
activated under different circumstances but eventually generate homologous variants of
the protease C3-convertase, which signals a cascade of events that target and lyse
antigens.

Studying the different circumstances that selectively activate these pathways

is important for understanding the mechanisms behind species-specific responses to
pathogens. Activation of the ACP is particularly interesting because its effectiveness is
independent of previous immune history (Kurtenbach et al., 2002). This information may
direct research aiming to combat a pathogen in a host that does not have effective defense
against it, such as B. burgdorferi in humans.
B. burgdorferi has been shown to activate both the ACP and the CCP, but lysis is
primarily dependent on the ACP (Kochi & Johnson, 1988, Kurtenbach et al., 2002). The
CCP is activated by the formation of the C1-complex which can occur when C1q binds to
one IgM or multiple IgGs, or when C1q binds directly to the surface of the pathogen.
This binding leads to a conformational change in the C1q molecule, resulting in the
activation of two C1r molecules, which induce cleavage of several other molecules to
14

produce C4a, C4b, C2a, and C2b. C4b and C2b bind to form the classical pathway C3convertase, which promotes cleavage of C3 into C3a and C3b. This process requires both
magnesium and calcium ions (Kurtenbach et al., 2002). The ACP is continuously
activated at a low level from spontaneous C3 hydrolysis without the presence of
pathogens. This pathway uses only the late acting components and circumvents C1, C4,
and C2. This C3 shunt requires magnesium but not calcium ions (Fine et al., 1972).
Both pathways however result in the activation of homologous variants of the protease
C3-convertase, creating C3a and C3b. C3b binds to the surfaces of pathogens which
leads to an amplification loop and the formation of the membrane-attack complex (MAC)
or the terminal complement complex (TCC C5b-C9) (Kurtenbach et al., 2002). It is
important to note that Kurtenbach’s work is based on strains found in Europe, only one of
which, B. burgdorferi s.s., is found in the U.S. Because there is pronounced variation
among genospecies, it is possible that the mechanisms used to kill Borrelia in vertebrate
hosts are not the same across all genospecies.
Due to differences in ion requirements, the two pathways can be isolated in a
laboratory setting by adding chelator solutions. EDTA (ethylenediaminetetraacetic acid)
effectively chelates calcium and magnesium, blocking both the CCP and ACP, whereas
MgEGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid and
MgCl2) effectively chelates only calcium, selectively blocking the CCP (van Dam et al.,
1997). The use of these chelators in an in vitro assay therefore can distinguish which
pathways are active in particular immune defenses.

The role of the complement pathway in combating B. burgdorferi
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The mechanism of immune defense against B. burgdorferi has been a topic of
great interest. Kuo et al., (2000) found complement-mediated killing when sera from the
western fence lizard (Sceloporus occidentalis) and the southern alligator lizard (Elgatia
multicarinata) were inoculated with B. burgdorferi, but did not see complement lysis in
sera from human or deer mouse (Peromyscus maniculatus). No borreliacidal activity in
the lizards was seen after 4 hours when serum was heat inactivated or chelated with
EDTA, further confirming that complement is the anti-Borrelia mechanism. Serum
chelated with EGTA showed more than 85% spirochete immobilization after 1 hour,
suggesting the role of the ACP.
The evidence for borreliacidal abilities of the ACP suggests that the susceptibility
of a given pathogen to host serum may vary according to the particular bacteria or
specific host immunity (Kuo et al., 2000). Van Dam et al. (1997) for example tested
several strains of different B. burgdorferi genospecies and found that only certain strains
of B. afzelii, B. garinii, and B. burgdorferi s.s. were resistant to normal human serum, and
other strains were effectively killed by host complement. Additionally, avian
complement has been found to be borreliacidal for B. afzelii, a genospecies usually found
in rodents, and rodent complement has been found to cause lysis in B. garinii, which is
associated with birds. These patterns of highly specific complement lysis were also seen
in other mammals that were only borreliacidal for certain genospecies. Across all
species, borreliacidal activity was abolished in all species after heat inactivation or
treatment with EDTA, but was continued under treatment of MgEGTA, proving the role
of antibody-independent ACP killing (Kurtenbach et al., 1998).

Project introduction
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The role of birds in the prevalence and distribution of Lyme disease is still
unclear. Several studies have documented species-specific transmission rates of B.
burgdorferi from songbirds to ticks, but little information is known about the mechanism
behind these variable reservoir competencies. The ACP has been cited as the primary
defense mechanism against Borrelia, but specific genospecies-host relationships show
different patterns in complement effectiveness. This is most likely due to Borrelia’s
effective evasion of host complement in certain reservoir-competent vertebrate hosts.
To elucidate the relative contribution of various songbirds to Borrelia dynamics
and test a possible mechanism behind varying reservoir competencies, borreliacidal
activity of gray catbird and American robin serum was compared, along with several
other species that were sampled opportunistically. Because of previously documented
reservoir competency of the robin and incompetency of the catbird, it was hypothesized
that the catbird would effectively kill the Borrelia, and the robin would show little to no
borreliacidal effects. Serum from wild birds was challenged with B. burgdorferi, and
killing was quantified using BacLight stain that differentially stains live and dead cells.
In a follow-up experiment, selective chelators were used to distinguish the activity of
different complement pathways in combating the pathogen. Information on speciesspecific immune responses to B. burgdorferi will aid in understanding the distribution
and dynamics of the pathogen as well as the risk it poses to human and animal
populations in the future.
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METHODS
Bacterial strain and culture conditions
High passage Borrelia burgdorferi B31-A3 strain was grown up to approximately
107 cells per ml in Barbour-Stoenner-Kelly-H (BSK-H) medium (Paula Schlax, Bates
College) at 35°C and 5.0% CO2. One ml of frozen culture of unknown high passage was
grown up in five ml of BSK-H media for four days. To keep cells at mid-log phase
growth, culture was diluted by a 1:5 ratio in fresh BSK-H media every two days. The
initial culture was grown up with Rifampicin (0.5 ul/ml, Sigma #R-3501), but all
subsequent cultures were grown without antibiotics because more successful growth was
achieved. Cell density was determined by a Petroff-Hausser counting chamber (Hausser
Scientific Co., Horsham, Pennsylvania) on a Nikon Eclipse 80i Upright microscope at
20x magnification.

Serum collection
Birds were caught in mist nets between June and November 2012 in three
locations: the River Point Conservation Area in Falmouth, Maine (43.735879,70.230103) in collaboration with the Biodiversity Research Institute, at 3 Waters Edge in
Lewiston, Maine (44.128984,-70.133908); and at Bates College in Lewiston, Maine
(44.104429,-70.203001). All birds were identified to species, weighed, aged, and sexed.
Blood was collected by sterilizing the skin with ethanol, lancing the brachial vein with a
needle, and collecting the bead of blood into non-heparnized capillary tubes. Samples
were expelled into a 0.6 ml Eppendorf tube, allowed to clot for 30 minutes at ambient
temperature (approximately 7-18°C), spun for 25 minutes at 3300 rpm (1220 rcf) in a
portable centrifuge (LW Scientific, Model E8), and immediately aliquotted into 20ul and
frozen at -20°C. Pelleted cells were suspended in lysis buffer (Longmire et al., 1988) at
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ambient temperature to preserve DNA. Thirty-three gray catbirds (Dumetella
carolinensis), six American robins (Turdus migratorius), six song sparrows (Melospiza
melodia), five black-capped chickadees (Poecile atricapillus), one northern cardinal
(Cardinalis cardinalis), three northern waterthrush (Parkesia noveboracensis), one
swamp sparrow (Melospiza georgiana), two white-throated sparrows (Zonotrichia
albicollis), five veeries (Catharus fuscescens), and two common yellowthroats
(Geothlypis trichas) were sampled.

Assays for borreliacidal activity
Because of the time required to conduct the assay, different samples were thawed
and assayed on different days. Serum was thawed on ice and inoculated with Borrelia
burgdorferi culture for a 50% final serum concentration and 20ul final volume (i.e., 10 ul
serum and 10 ul culture). Duplicate samples were incubated at 41°C, the approximate
average bird body temperature, and after 1 hour, 10ul was removed from each duplicate
and mixed with BacLight fluorescent stain that distinguishes live and dead cells based on
their cell membrane permeability (Invitrogen L7012 propidium iodide and SYTO® 9).
Stain was diluted by 1:40 in BSK-H media and 1.2 ul was added to 10ul culture/serum
mix for a final BacLight concentration of 0.003%. The remaining 10ul of the sample
remained in the incubator 3 more hours (i.e., 4 hours incubation time) and was then
mixed with BacLight. Media controls of 50% final media concentration (i.e. 10 ul
culture plus 10 ul additional BSK-H media) were assayed at both the 1-hr and 4-hr time
points on all assay dates to determine the baseline health of the culture. Initially only
four birds were run each day, but as the assay became more familiar, nine birds were run
each day with a single culture. Composite images were taken using NIS Elements
software with a black and white camera under fluorescent filters TRIT-C (SYTO® 9
19

stain) and Texas Red (propidium iodide) on a Nikon Eclipse 80i Upright microscope. A
4x3 frame in the “Scan Large Image” function was used under 20x magnification. To
avoid photobleaching, slides were kept in the dark until imaged, and fluorescent exposure
was minimized. Camera exposure times varied but were around 300 ms.

Images were

saved as TIFF files to be counted later.

Assessment of the mechanism of immune response
To determine whether the immune response was antibody dependent, gray catbird
serum was treated with three different conditions: 10 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma Fisher #S-311) to block both the classical and alternative complement
pathways, 10mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
(Sigma #E-3251) and 4mM MgCl2 (Fisher #M-33-500) (MgEGTA) to selectively block
the classical pathway, and heat at 56ºC for 30 min to inactivate complement activity
entirely. Chelator solutions were made by dissolving agents in normal saline by heating
the mixture to 60ºC, adding NaOH until agent dissolved, and titrating it back with HCl to
a pH of 7.45, and were stored at 4ºC.
Quantification of live vs. dead bacteria
B. burgdorferi was counted by hand from TIFF files of microscope images at
100x zoom on Adobe Photoshop. Helical and round bodied (RB) morphological forms of
Borrelia were counted separately for both the green-stained (presumed alive) and redstained (presumed dead) B. burgdorferi. RB organisms stained as live were counted as
25% live and 75% dead based on published reports of limited reversion rate to helical
forms and limited survival potential (Sapi et al., 2011, Alban et al., 2000, Brorson et al.,
20

2009, Murgia & Cinco, 2004). Aggregates (i.e., clumps of cells) were present in some
slides, and it was not possible to ascertain the exact number of cells in each aggregate.
As an approximation, aggregated cells were quantified based on diameter and density of
the aggregate. Diameter was measured with the L1 measurement of the ruler Photoshop
tool and multiplied by one of three values (0.3, 0.45, or 0.6) depending on the density of
the aggregate. This method was created based on initial estimates of the density of
certain clumps. Because most clumps with discernible organisms appeared to be half
helical and half round bodies, the estimated number of cells in an aggregate were
quantified as half helical and half round bodies unless it was clear what morphological
forms constituted the clumps.
Data Analysis
Duplicate samples from each bird at each time point were tested for correlation.
In subsequent analyses, the duplicates were averaged to allow for analysis of independent
data points. ANOVAs were used to test whether borreliacidal activity varied by songbird
species, by incubation time, and by exposure to chelators and heat inactivation. Separate
Pearson correlations were used to test for effects of culture age on the average number of
round bodies and number of Borrelia in clumps per sample, the effects of the prevalence
of these morphological forms on bacteriolysis, and the effects of culture age on
bacteriolysis of catbird serum. A paired t-test was run on borreliacidal activity of
individual catbirds across both assays (i.e., in the cross-species comparison and in the
complement-mechanism experiment) to determine repeatability across the experiments.
Statistical tests were run on GraphPad Prism software and JMP 8.02 (SAS Institute, Inc.,
Cary, NC).
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RESULTS
Species comparison of borreliacidal effects
A 2 way ANOVA was used to analyze borreliacidal ability with serum source as
one factor (gray catbird, American robin, and media control) and incubation time as a
second factor (1 hour, 4 hours). There were significant effects of serum source (F2,
=8.56, p=0.0006) and incubation time (F1, 52=7.91, p=0.007), with no significant
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interaction (F2, 52=0.151, p=0.86). The three serum sources were not identical in their
borreliacidal activity, and Tukey’s post-hoc test detected significant differences between
catbirds and robins, and between catbirds and medial control, but not between robins and
media control; on average, the catbirds killed 28% more Borrelia than the robins (Fig. 2).
When the analysis was subsequently expanded by adding other species (blackcapped chickadee, northern waterthrush, song sparrow, veery, and white-throated
sparrow), there was a significant interaction between serum source and incubation time
(F7, 76=46.56, p< 0.0001), so data was analyzed with separate 1 way ANOVAs at separate
time points. The overall main effect of species persisted at 1 hour (F7, 39=5.90, p=0.0001)
and at 4 hours (F7, 39=4.75, p=0.0007), but the post-hoc difference between robins and
catbirds became non-significant. In a Tukey’s post hoc test of the all-species ANOVA,
the gray catbird killed 41% more B. burgdorferi than the song sparrow (p=0.005, df=38),
and 39% more B. burgdorferi than the veery (p=0.02, df=38) at four hours. At four
hours, the gray catbird was the only species that killed significantly more than the media
control (p=0.02, df=38) (Fig. 1B). All species increased bacteriolysis over time (F7,
=46.56, p=0.03) but this increase was only significant in the catbird, with a 21%
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increase (p=0.004, df=76) (Table 1).
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Presence of stress induced alternative morphological forms of B. burgdorferi
The average number of live and dead round bodies per sample (Fig. 4A) and
average number of B. burgdorferi in aggregates per sample (Fig 4B) was compared
across sample dates to observe the effect of increased passages on inducing
morphological changes in B. burgdorferi. Each data point represents an average
prevalence of the morphological form across all species on a single assay date. There
was a marginally non-significant effect of passage number on the formation of round
bodies (r=0.72, p=0.068) and no effect on the amount of B. burgdorferi in aggregates
(r=0.40, p=0.374).
To determine whether the presence of these alternative morphological forms was
correlated with killing ability of the serum in different species, the relationship between
the average number of round bodies (Fig. 5A) and the average number of B. burgdorferi
in aggregates (Fig. 5B) on killing ability was observed. Each data point represents the
species’ average number of the morphological form and average bacteriolysis across the
entire assay. There was no correlation between round bodies (r=0.37, p=0.37, df=6) or
aggregates (r=0.56, p=0.15, df=6) and bacteriolysis. Additionally, there was no
correlation between the prevalence of round bodies and the prevalence of aggregrates
within species (r= -0.14, p=0.74, df=7) (Fig. 6).
To determine effects of passage numbers or change in culture conditions
overtime, bacteriolysis of gray catbird serum was examined across assay dates. There
was no correlation (r=-0.362, p=0.64, df=3), but there was a trend showing decreased
bacteriolysis over time (Fig. 3).

Assessment of complement pathway activation
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The effect of chelators and heat inactivation on bacteriolysis was observed to
determine which complement pathways are active in defense against B. burgdorferi.
There was a significant effect of treatment (F4, 70= 4.51, p=0.003). In a Tukeys post hoc
test, serum treated with EDTA (which blocks both the classical and alternative pathways)
resulted in almost a 30% increase in bacteriolysis compared to MgEGTA (p=0.006, df=
70), heat (p=0.019, df= 70), and normal serum (p=0.008, df=70) (Fig. 7).

Repeatability of assay
To determine the repeatability of bacteriolysis within an assay, duplicate values of
catbird bacteriolysis were compared. Duplicate values were correlated after one hour
(r=0.73, p=0.001, n=17) and four hours of incubation (r=0.60, p=0.012, n=17) (data not
shown).
The bacteriolysis scores of individuals that were used in both the cross-species
comparison and in the mechanism-of-immune-response assay were assessed to determine
the repeatability between assays. There was no significant correlation (r=0.36, p=0.31),
casting uncertainty as to which values of bacteriolysis are more reflective of immune
system abilities. One clear outlier shows a decrease in bacteriolysis between assays of
73%. There is a decrease in bacteriolysis in all individuals from the first to the second
assay, with these differences ranging from 6-54% (paired t-test, t=-4.84, df=8, p=0.0013)
(Table 2).

Table 1. Average (± standard deviation) bacteriolysis
of different songbird serum at 50% concentration
after 1 and 4 hours of incubation at 41°C
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species
American
robin
Gray catbird
Black-capped
chickadee
Northern
cardinal
Northern
waterthrush
Song sparrow
Veery
Whitethroated
sparrow
Media control

n

Average %
Bacteriolysis
± SD at 1 hr

Average %
Bacteriolysis
± SD at 4 hr

4 20 ± 17
17 42 ± 17

35 ± 13
63 ± 18

3 24 ± 8

30 ± 9

1 33

70

3 28 ± 3
5 11 ±5
4 12 ± 6

54 ± 19
22 ± 9
24 ± 18

2 25 ± 14
8 19 ± 9

64 ± 20
33 ± 30
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Figure 1. Individual (dots) and average (horizontal lines) bacteriolysis of different songbird
species serum after 1 hour (A) and 4 hours (B) of incubation at 41°C (n=40). Serum was mixed
with B. burgdorferi in BSK-H media for a 50% final serum concentration. Live and dead cells
were distinguished by BacLight stain, and cells were viewed under a fluorescent microscope at
20x magnification and counted manually. Gray catbirds showed the highest mean bacteriolysis,
killing 63% of B. burgdorferi after 4 hours, suggesting a mechanism for their previously
documented reservoir incompetence. Some increase in bacteriolysis from 1-4 hours was seen
across all species.
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Figure 2. Average (± standard deviation)
of bacteriolysis from the two focal species
of this study against the media control
after 1 and 4 hours of incubation at 41°C.
The catbird killed 28% more Borrelia then
the robin at 4 hours (n=21).

26

Figure 3. Average (± standard error)
percent bacteriolysis of gray catbird serum
across passage dates. There is no
correlation. (n=17).

Figure 4. Effect of the number of culture passages on the average (± standard error) number of round bodies (A)
and average number of B. burgdorferi in aggregates (B) across all species. There was not a significant
correlation between the number of culture passages and prevalence of round bodies (r= 0.72, p=0.06) and or
between the number of culture passages and prevalence of clumps (r=0.40, p=0.37). Standard error was used for
clarity of graphs.

Figure 5. Effect of the number of round bodies (A) and average (± standard error) number of B. burgdorferi in
aggregates (B) on bacteriolysis across all species. There is no correlation between the prevalence of round
bodies and bacteriolysis (r=0.37, p=0.37) or between the prevalence of aggregates and bacteriolysis (r=0.56,
p=0.15).

27

100
80
60
40
20

a
m
ed
i

se
ru
m

he
at

M
gE
G
TA

ED
TA

0

Treatment

Figure 7. Average and full range of bacteriolysis in
gray catbird serum after 4 hours of incubation at
41°C. To inhibit the classical complement
pathway, serum was treated with 10mM of EGTA +
4 mM MgCl2, and to inhibit both the classical and
alternate pathways, 10mM of EDTA was added to
serum or serum was heat inactivated. Control
serum was not modified. EDTA resulted in 30%
more killing than the other treatments and control
serum (n=16).

Figure 6. Average prevalence of round bodies and
aggregates per sample across species at both 1 and 4
hours of incubation at 41°C (n=40). No correlation
was seen between the prevalence of these two
alternative morphological forms that develop under
stress (r= -0.14, p=0.74).

Table 2. Average percent bacteriolysis from the
same individuals receiving the same treatment
during two different experiments. Fifty-percent
final serum concentration with B. burgdorferi was
incubated for 4 hours. All values from the second
assay are lower than values from the first (paired ttest, t=-4.84, df=8, p=0.0013), suggesting a flaw in
the experimental design or serum conditions.
Gray
catbird

Assay 1
% bacteriolysis

Assay 2
% bacteriolysis

1
2
3
4
5
6
7
8
9
Average

53
77
86
87
73
63
39
69
85
70

8
4
34
25
67
47
18
15
68
32
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DISCUSSION

Birds have been identified as long distance dispersers of B. burgdorferi
responsible for bringing Lyme disease into non-endemic areas (Ogden et al., 2008). This
poses a significant public health risk. However, the impact of birds on the spread of
Lyme disease may be species dependent, and disease risk could be diluted by the
presence of abundant, reservoir-incompetent hosts. Differing reservoir competencies of
songbird species have been observed by comparing transmission rates of different species
to uninfected ticks (Table 3), but a comparative study looking at the borreliacidal effects
of songbird serum and the immune pathways involved in bacteriolysis has not been
conducted. The primary aim of this study was to compare bacteriolysis from reservoirincompetent gray catbirds and reservoir-competent American robins; the final sample
size for robins was quite small because of capture difficulties, but the study was
augmented with some samples collected from additional species. This study offers an
immune response mechanism to explain the previously established reservoir
competencies of robins and catbirds.
Gray catbirds killed 63% of B. burgdorferi after four hours of incubation, the
most of any species in this study. In comparison, the American robin killed only 35% of
B. burgdorferi, just barely (and not significantly) more than the media control. In the
follow-up experiment, EDTA, which blocks both the classical and alternative
complement pathway, resulted in the highest bacteriolysis, which contradicts previous
studies that cite the alternative pathway as the main defense against B. burgdorferi
(Kurtenbach et al., 2002, Kuo et al., 2002). It is hypothesized that differing reservoir
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competencies stem from species differences in immune capabilities in recognizing or
lysing B. burgdorferi.

Species differences in bacteriolysis
Table 3. A review of previously documented transmission rates from songbirds to ticks. All
studies except Anderson et al. (1986), who diagnosed spirochetemia by re-culturing B.
burgdorferi from the bird blood in BSK, diagnosed tick spirochetemia through direct
fluorescent antibody or indirect fluorescent antibody xenodiagnosis. N values in parentheses
represent the number of ticks examined from all individuals in that species. Blank
transmission rates represent studies that did not use ticks in that lifecycle phase.
Species
Gray catbird

American robin

Song sparrow
Veery
Black-capped chickadee
White-throated sparrow
Northern cardinal
White footed mouse

% Transmission (n ticks)
Larvae
nymph
4 (50)
—
17 (6)
—
0 (12)
0 (51)
6 (270)
7 (71)
4 (21)
10 (20)

0 (2)

16 (31)
82 (55)

—
—

17 (129)
25 (4)

44 (109)
29 (41)

92 (62)
5 (42)
21 (38)

97 (48)
—
—

43 (158)
67 (6)

27 (503)
100 (2)

— (0)
0 (27)
9 (23)
—

—
—
—
67 (9)

98 (160)
25 (181)

29 (63)

Method

Source

Ticks placed

Ginsberg et al., 2005

Ticks placed
Ticks removed
Ticks removed

Mather et al., 1989
Rand et al., 1998
Anderson & Magnarelli,
1984
Anderson et al., 1986

Ticks removed,
re-cultured blood
Ticks placed,
Lab infection,
ticks placed
Ticks removed
Ticks removed
Ticks placed
Ticks placed
Lab infection,
ticks placed
Ticks removed
Ticks removed,
re-cultured blood
Ticks removed
Ticks removed
Ticks placed
Ticks removed,
re-culture blood
Ticks placed
Ticks removed

Ginsberg et al., 2005
Rand et al., 1998
Anderson & Magnarelli,
1984
Richter et al., 2000
Ginsberg et al., 2005
Rand et al., 1998
Anderson et al., 1986
Rand et al., 1998
Rand et al., 1998
Ginsberg et al., 2005
Anderson et al., 1986
Mather et al., 1989
Anderson & Magnarelli,
1984

The present study’s finding that catbird serum can kill 63% of B. burgdorferi after
four hours is consistent with previously documented low transmission rates to uninfected
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ticks (Table 3). This may suggest that the catbird immune system is more effective than
the other songbird species at detecting or combating the pathogen.
Thirty-five percent of the Borrelia were dead in robin serum after four hours,
which was nearly identical to the 33% dead in the media controls. Media bacteriolysis
values represent the baseline survival rate of the culture. This suggests that the robin
serum was not effective at all in killing the pathogen. This media background rate of
bacteriolysis death is quite high, and although it appears skewed by some outliers, it
draws concern about the quality of the culture and therefore the conclusions that can be
drawn; this will be discussed later.
Previously observed reservoir competencies of the American robin are not as
consistent as findings from catbirds, and transmission rates vary from 16% (Ginsberg et
al., 2005) to 97% (Richter et al., 2000) (Table 3). The discrepancies among these finding
may be due to the lifecycle stage of the feeding tick, or differences in time of
xenodiagnosis after infection. Richter et al. (2000) found 0% of infected larvae from
xenodiagnosis 6 days after infection from robins, but infection rates steadily increased
through 30 days from infection where infection rates were the highest. Infection rates
past 30 days were then highly variable. Neither study with lower infection rates from the
robin specify time elapse between infection and diagnosis, but it was likely shorter than
30 days (Ginsberg et al., 2005; Rand et al., 1998). The low borreliacidal effects of the
robin shown in this experiment are consistent with high tick infection rates from previous
studies (Richter et al., 2000, Ginsberg et al., 2005).
In this thesis, the song sparrow and veery had similar rates of approximately 23%
bateriolysis at both one and four hours, suggesting they are both reservoir competent.
Killing ability of the veery is consistent with previously documented high infection rates,
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but killing ability of the song sparrow is not consistent with previously documented low
infection rates (Table 3). It is expected that data from xenodiagnosis and serum-based
killing experiments are not entirely consistent because killing ability is just one factor
effecting transmission rates. It is possible that low transmission rates result from other
mechanical aspects of transmission such as the ability to transmit the pathogen from the
host to the tick.
Small sample sizes and high intraspecies variability in this thesis make it difficult
to analyze the reservoir competencies of other species. Bacteriolysis rates from this study
can however be used as preliminary data to determine what species should be
investigated in the future to confirm highly reservoir competent or incompetent species.
The immune responses of these species can then be compared to understand the pathways
involved in detection or lysis. The northern cardinal, northern waterthrush, and whitethroated sparrow all have comparable borreliacidal abilities to the catbird, suggesting
they may show similar reservoir incompetence, and the veery shows similar reservoir
competence to the robin.
Although infectivity rates are important in determining reservoir competencies,
the impact of these reservoirs on the propagation or maintenance of B. burgdorferi also
depends on the hosts’ tick burden compared to other hosts in the population. If a species
shows low infectivity but low tick burden, they will not reduce infection rates in an area
significantly. In a study done in Maine during migration, reservoir incompetent gray
catbird and song sparrow populations experienced the second and third largest tick
burdens across all bird species studied. Because their tick burdens were so high, their
reservoir incompetency may have a significant effect on decreasing the prevalence of B.
burgdorferi in a local area. This dilution effect may be negated by the veery, which had
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the highest tick burden and high infection rates (Rand et al., 1998) (Table 3). Possible
dilution effects of the catbird were also diminished in one study showing a 97.5%
infection rate from 160 ticks removed from the white-footed mouse. Even though the
catbird had a 0% infection rate in this study, all individual catbirds contributed to a total
of 12 ticks, making its reservoir incompetency not impactful on reducing B. burgdorferi
prevalence in this area (Table 3) (Mather et al., 1989). The distribution of tick burden
among species may reflect differences in microhabitat, species composition, or tick
preference, and this distribution may affect the local prevalence of Lyme disease. The
impact of tick burden on the relative role of these species in the maintenance of this
pathogen cannot be ignored.

Role of complement pathway in bacteriolysis
In exploring borreliacidal activity of serum, it is important to understand which
immune pathways are responsible for immune defense against B. burgdorferi. The
alternative pathway has been shown to be the primary immune defense against B.
burgdorferi, but the effectiveness of complement changes based on which host species
are being challenged with which genospecies of Borrelia. Common pheasant (Phasianus
colchicus) complement has been shown to be effective against B. afzelii, B. japonica, B.
luistaniae, B. garinii NT29 and partially effective against B. burgdorferi, but ineffective
against B. valaisiana and B. garinii 20047. Grey squirrels (Sciurus carolinensis) show
the exact opposite pattern and are effective against the strains that the pheasant cannot
kill and ineffective against the strains the pheasant can kill (Kurtenbach et al., 2002).
Additionally, complement-mediated killing against B. burgdorferi s.s. was observed from
two different lizard species but not from the deer mouse or humans (Kuo et al., 2000).
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This specificity in the relationship between host complement and genospecies of B.
burgdorferi likely drives patterns of reservoir competency. Understanding the role of
complement-mediated killing in songbirds is crucial in comparing reservoir competencies
and understanding how they interact with the pathogen.
In this study, the highest bacteriolysis was seen in gray catbird serum treated with
EDTA, which blocks both the classical and alternative complement pathways. This
suggests that complement proteins are not active in killing Borrelia within catbirds. This
is contradicted by the 27% decrease in bacteriolysis seen with heat-inactivated serum in
which both complement pathways are inactivated. The high variability and unexpected
trends shown in this data suggest that the assay did not work properly.
This concern is compounded when comparing borreliacidal abilities of the same
individual catbirds challenged with Borrelia in both the interspecific-comparison
experiment and the mechanism-determination experiment. Bacteriolysis decreased in
every individual between the first and second assay, and there was no correlation between
the values. This signifies either that the data from the initial experiment, the data from
the second experiment, or both are inaccurate. It was determined that this decrease in
bacteriolysis was not due to freezer time, but no clear reason was elucidated, but it is
more likely that the data from the second somplement assay are because the experiment
was run under less ideal conditions due to time pressure and sample quality. Samples
were run before the assay was perfected, and a high number of samples were run each
day. Additionally, the serum samples used had been previously rejected for not
appearing clean or for being too limited in volume. It is possible that complement in
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these samples was less intact or that Borrelia was inaccurately quantified in the sample
images cluttered with red blood cells and other blood components.
It is also possible that the discrepancy is due to different culture conditions. All
data from the initial assay were run from the same freezer stock culture that was
continuously passaged, and data from the second experiment were run from a different
freezer stock. Although these freezer stocks were from the same strain of B. burgdorferi,
slightly different culture conditions may have resulted in different levels of bacteriolysis.
This explanation for the discrepancy in bacteriolysis is consistent with the fact that there
was a correlation in bacteriolysis among sample duplicate values in the initial experiment
that were run using the same culture, but there was no correlation in bacteriolysis values
in individuals challenged with different culture across the two experiments. The
sensitivity of B. burgdorferi to different culture conditions will be discussed later. Due to
limited serum samples and time constraints, it was not possible to run samples again, and
it was not possible to definitively determine which measurement of bacteriolysis was
more accurate.

Possible mechanisms explaining differences in immunocompetency
If the observed differences in bacteriolysis between species from the interspecificcomparison experiment reflect true borreliacidal differences, discussing possible
mechanisms explaining these differences is important in understanding pathogen-host
relationships and the dynamics of B. burgdorferi. There currently is no clear explanation
for differences in serum borreliacidal abilities, but the focus of this discussion will be on
three immunological factors that are likely involved: B. burgdorferi’s ability to bind to
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host factor H to evade immune response, variation in bird major histocompatibility
complexes (MHC), and altered gene expression in B. burgdorferi during transmission and
infection. Although not investigated in this thesis, differences in bird body temperatures
may also result in different bacteriolysis due to Borrelia’s sensitivity to different
temperature.

The role of factor-H
As described previously, the alternative complement pathway is the main immune
defense against B. burgdorferi in all hosts, but effectiveness of host complement depends
on the genospecies it is challenged with (Kurtenbach et al., 2002). In species that are
reservoir competent, B. burgdorferi is able to evade host complement by binding itself to
host factor H, thereby appearing as “self” to the immune system (Ferreira et al., 2010).
Here, I explore the possibility that B. burgdorferi may be differentially successful at
binding factor H in robins and catbirds.
In humans and other animals, host cells protect themselves from complement
mediated killing by coating their surfaces with the inhibitory plasma protein factor H
(Stevenson et al., 2002). Factor H also accelerates the decay of the alternative pathway
C3 convertase (C3b) and is a cofactor for factor I-mediated cleavage and inactivation of
C3b. This is crucial because C3b attaches covalently to antigenic molecules, contributing
to the marking for degradation (Ferreira et al., 2010). Therefore, the more cells bound to
factor H, the weaker the complement response is. Other microorganisms including
Streptococcus pyogenes, Streptococcus pneumoniae, and Neisseria gonorrhoeae all bind
to factor H and factor H like protein 1 (FHLP-1) to appear as self and evade complement
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detection (Anguita et al., 2003). Without the binding of these molecules to factor H, the
membrane attack complex (MAC) lyses the foreign cells (Kurtenbach et al., 2002).
B. burgdorferi binds to factor H through multiple homologous Erp proteins which
are OspEF-related proteins expressed on the outer membrane during transmission. The
B31 strain used in this study carries 17 erp genes arranged on 10 separate loci. These
genes all have nearly identical promoter sequences, are transcriptionally co-regulated,
occupy allelic positions on members of the cp32 family of plasmids, and encode highly
charged lipoproteins with well-conserved leader polypeptide sequences and other motifs.
Multiple Erps can be expressed simultaneously, and most if not all bind to factor H
(Stevenson et al., 2002).
The genetic codes of Erp proteins vary among different genospecies of Borrelia,
likely contributing to the spirochete’s ability to infect a broad range of vertebrate hosts.
In a study comparing the affinity of eight different Erp proteins for factor H in different
species, Stevenson et al. (2002) found differences in which Erp proteins bind to host
factor H in different species, suggesting that the diversity in Erp proteins coded on the
genome of B. burgdorferi allows it to evade complement in a wide range of hosts. This is
important because the spirochete cannot guarantee its next host species and therefore
must have multiple Erp proteins for different hosts. Erp expression of B. burgdorferi in
different songbird hosts has not been investigated, but it could elucidate species-specific
differences in reservoir competency.
Additionally important about erp genes is that they are extra-chromosomal
elements, allowing for possible genetic mobility among populations. Although it is
unclear whether this occurs in nature, wild B. burgdorferi strains found in the same
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geographic region contain similar erp gene sequences, suggesting these conserved erp
sequences likely match the host composition in the area (Marconi et al., 1999).
This diversity of Erp proteins clearly contribute to the expansive host range of B.
burgdorferi, because different Erp proteins make B. burgdorferi insensitive to the
alternative pathways of different types of animals. This may be a determining factor in
host competency; if Erps expressed by a certain genospecies of B. burgdorferi are unable
to bind to the species-specific factor H, B. burgdorferi will not be able to evade the
complement system, and it will more likely be marked as an antigen for lysis.

Differences in major histocompatbility complexes (MHC)
Another immune system element that might lead to interspecific host
competencies is the major histocompatibility complex (MHC). The MHC codes for
polymorphic antigen presenting proteins, antigen processing proteins, elements of the
complement cascade (C2, C4, factor B), and cytokines involved in cell signaling, among
others. Although there is some similarity among MHCs of all gnathostomes, genomic
organization can differ greatly by species, suggesting rapid evolution of MHC genes after
divergence from a common ancestor (Kelley et al., 2005). In addition to the structural
variation in MHC across species, MHC exhibits high allelic diversity within species, as a
result of balancing selection (Spurgin and Richardson, 2010). A set of alleles will only
be conserved if they effectively protect the organism from the parasite pressure This
however varies temporally and spatially, possibly altering the MHC profile of individuals
and populations (Westerdahl et al., 2005).
Chicken MHC is coded for by 19 genes, the smallest known for any organism.
The location of genetic information differs significantly from other mammals (Kaufman

38

et al., 1999). However, the number of loci, location of MHC genes, and allelic make up
of MHC are not the same across bird species, and there is a trend towards higher
complexity in MHC in Passeriformes than in other avian orders. This includes the extent
of gene duplication, the number of functional loci, number of pseudogenes, and the extent
of concerted evolution (Westerdahl et al., 2000).
Through gene duplication, quail and sparrow MHCs have doubled in size and
gene number from chicken MHCs, and high variation in antigen binding site sequences
within class II MHC genes have been found in behaviorally and phylogeneticaly
divergent song birds: scrub jays (Aphelocoma coerulescens), red-winged blackbirds
(Agelaius phoeniceus), and house finches (Carpodacus mexicanus), showing that there is
rapid diversification among MHC in songbirds (Edwards et al., 1995).
Intraspecies differences in MHC alleles were found to dictate great reed warblers
(Acrocephalus arundinaceus) protection against three different avian malaria parasites.
Both the amount of heterozygosity (as measured by the numbers of MHC class I alleles)
and the presence of a specific allele, B4b, resulted in protection against malarial infection
(Westerdahl et al., 2005).
The role of MHC in combating this parasite and the intra and interspecies
differences suggest that MHC profiles may be another explanation for differences in
immune competency in different songbird species. Similar to the specific allele
important in combating malaria in great reed warblers, it is possible that the catbird has a
specific MHC allele that is effective against Borrelia that the robin does not have.

Role of outer-surface proteins (Osps) in eliciting antibody response and evading host
complement
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Another possible evasion technique employed by B. burgdorferi is modification
of the structure or expression of the surface proteins that allow for transmission from the
tick to the host and serve as the targets of pathogen recognition by the host immune
system (Fikrig & Narasimhan, 2006). This modification is defined as antigenic variation
if it occurs during infection at a frequency greater than the mutation rate (Zhang et al.,
1997). Variation in these proteins in B. burgdorferi is controlled by three different sigma
factors: σ 70, σ 54 (RpoN) and RpoS (Anguita et al., 2003)
2003). This discussion will focus on
the role of OspA, OspB, OspC, and OspE.
OspA and OspB are upregulated during transmission from the vertebrate host to
the tick in order to tether B. burgdorferi to the tick midgut, allowing it to evade digestion
and defense pathways of the tick. When the tick feeds on a new host, OspA and OspB
are downregulated and OspC is upregulated to facilitate transmission from the tick
midgut into the circulatory system of the host. OspE serves to evade host immune
response by binding to host factor H. Because these Osp proteins are all targets of
pathogen recognition, in addition to impacting transmission they also impact immune
response (Fikrig & Narasimhan, 2006).
The importance of antibodies to OspA antibodies in combating infection was
demonstrated in a study observing mouse infection rates to ticks. In vivo, B. burgdorferi
found in the midgut of the tick is resistant to normal mouse serum and can disseminate in
the host. Therefore, there were no differences in killing between normal and
complement-deficient (C3-knockout) mice. However, when C3-knockout mice were
hyperimmunized with OspA, transmission from nymphs to the vaccinated host was
unsuccessful (Rathinavelu et al., 2003).
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The only FDA approved vaccine for Lyme disease attempted to raise OspA
antibodies to kill spirochetes in the feeding tick (Connolly & Benach, 2005), but it was
removed from the market due to the cost and inconvenience of the vaccine schedule as
well as some indication of cross reactivity of OspA with self-antigens (Connolly&
Benach, 2005). Although independent research determined there was no autoreactivity
(Kamradt, 2002), public outcry dissuaded people to undergo the vaccine sequence,
causing industry to stop producing the vaccine.
Osp-B antibodies have also shown to be effective against B. burgdorferi. Mouse
monoclonal antibody (CB2) specific for OspB was shown to be bactericidal in the
absence of complement. Although CB2 does not breakdown OspB directly, it causes
structural changes that alter its susceptibility to proteases. Bactericidal effects of CB2
were so great in mouse models that they generated escape mutants of B. burgdorferi that
lacked proper OspB and were significantly less infectious when tested later (Connolly
and Benach, 2005). This shows the importance of anti-OspB antibody in combating B.
burgdorferi infection.
OspC’s role in infection may be another mechanism of immune evasion very
similar to the role of Erps in evasion through factor H. This evasion however occurs in
reaction with tick proteins, not host proteins. Tick salivary protein Salp15 has been
shown to bind to spirochetes via OspC to mask the immunogenic OspC from the host and
protect it from non-specific immune cells that infiltrate the feeding site (Fikrig &
Narasimhan, 2006). This binding also inhibits proliferation of CD4+T cells by inhibiting
calcium fluxes required in the transcription of interleukin. In an immunized mouse
model, anti-Borrelia antibodies effectively clear the infection, but when mice are also
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given tick salivary proteins with Salp15, Borrelia disseminates and invades
(Ramamoorthi et al., 2005).
The effect of bound OspC-Salp15 in complement evasion opens the discussion as
to where primary immune evasion occurs and thereby where complement is determining
host competency. Many studies have cited the tick midgut as the primary area of
complement evasion either through tick proteins or host proteins (Kurtenbach et al.,
1998, Rathinavelu et al., 2003), however others did not see active host complement
within the vector and instead point to the role of host complement in the vertebrate host
(van Dam et al., 1997; Kuo et al., 2000) This distinction is still unknown and may be
species dependent. This information is crucial in understanding the mechanisms of
complement evasion leading to varying host competencies.
The diverse functional roles and fluctuations in expression of these outer surface
proteins suggest their importance in successful spirochete transmission and infection.
Despite the focus on the alternative pathway, these antigen-presenting Osp proteins are
crucial in eliciting an antibody immune response. Studies showing decreased virulence
from hyperimmunized serum (van Dam et al., 1997; Rathinavelu et al., 2003; Barthold
and Bockenstedt, 1993; Zeidner et al., 1997) show that the role of antibodies independent
or in conjunction with complement cannot be ignored. Therefore, difference in
bacteriolysis seen in this study may be a result of different host antibody responses to
these Osps.
The role of Erp-factor H binding, MHC defense, and variation in antigen
expression may account for the interspecific variation observed in this study. All of these
mechanisms need to be studied in songbird species to determine whether they direct host
competency.
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Repeatability of immune assays and intraspecies variation
The repeatability of an immune assay is important in understanding the
implications of the data in ecological and evolutionary immunology. If a measure is
highly repeatable, it can be interpreted as a general characteristic of that individual during
that season, and any deviations from this initial characterization of the immune response
can suggest the presence of other drivers such as reproductive investment or resource
availability (Gwinner et al., 1995). Assays that are not repeatable may indicate wide
individual variation in pathogen-host relationships.
Immune assays assessing the killing ability of whole blood of European
stonechats (Saxicola torquata) against Escherichia coli and Candida albicans showed
low individual variation within the same species for bacteriolysis of E. coli but not of C.
albicans. It was hypothesized that this variation was due to the different mechanisms that
kill these two microorganisms; E. coli is killed primarily by the complement cascade
which may have more intraspecies variation than phagocytosis, which is thought to be the
primary immune defense against A. albicans (Tieleman et al., 2009). Lower
interindividual variation in phagocytosis may be explained by a model that shows that
phagocytosis is tightly regulated by many of the same signaling pathways that also
regulate the ingestion process itself. Fewer, more tightly regulated pathways may result
in decreased interindividual variation (Garica-Garcia & Rosales, 2005). Because B.
burgdorferi has been shown to activate this highly variable complement cascade,
intraspecies variation is expected.
The wide intraspecies variation in borreliacidal ability demonstrated in this study
could represent variation in individual birds’ pathogen history, genetics, or energy
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expenditure, or it may reflect different culture conditions. Gray catbird serum exibitied
30-80% bacteriolysis. More variable was the media control, with values ranging from 692%, suggesting that observed intraspecies variation may be due to inconsistent culture
conditions. Because there was no correlation between bacteriolysis and assay dates, no
definitive effect of culture conditions could be determined, but the effect of seasonality,
age, and capture stress will be discussed as other possible sources of intraspecies
variation.

Effect of seasonality on bacteriolysis
Birds were captured and sampled for serum across a wide range of dates; this is
potentially concerning in part because robins and catbirds have different (though
overlapping) distributions of capture dates. It was determined there was no effect of
seasonality (data not shown) by looking for any trend in bacteriolysis by the catbird
across sample dates, and any trend in bacteriolysis of date-matched robins and catbirds.
It is unclear whether this is because seasonality is not a factor in B. burgdorferi immune
response or because there were not enough evenly distributed species numbers across
seasons.
Generally, large seasonal changes in immune function are seen between the
breeding and nonbreeding season for temperate birds because parasites often time their
reproduction time with that of their host (Christie et al., 2000). Moller et al. (2003) found
an 18% spleen mass decrease across 71 songbird species and a 33% T-cell mediated
immunity decrease from 13 species from the breeding to the nonbreeding season. These
changes differed significantly among species, suggesting that different species allocate
more energy to immune defense during reproductive times.
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All samples from this present study were taken between July and November
which is not the peak breeding time, but Silverin (1981) found maximal spleen size in the
great tit in late summer and early fall as well as the breeding season, suggesting our
samples could reflect either breeding season or non-breeding season-like defense.

Importance of age on intraspecies variation
To determine if age caused intraspecies variation, borreliacidal abilities were
compared between hatch year and after-hatch year birds to determine any effects of age
on immune response. There was no correlation between bird age and bacteriolysis in this
study (data not shown), but several other studies demonstrate the effect of age on immune
response. Moller et al (2003) found higher spleen size and a stronger T-cell response in
juveniles compared to adults across several songbird species. It was hypothesized that
this was because young birds encounter new pathogens at a higher rate than adults,
making them invest more in immune response. Additionally, Tieleman et al. (2010)
found increased bacteriolysis against E. coli and C. albicans with age in stonechats.
Effect of age however was unclear because it could not be determined whether birds
acquire better bacteriolysis capacity with age, or if only birds with high bacteriolysis
capabilities survive into their older years. Because bacteriolysis of B. burgdorferi is
primarily achieved by the complement cascade in the innate immune system, age is less
likely to be a factor in bacteriolysis than a pathogen that requires an acquired antibody
response.

Effect of capture stress on bacteriolysis
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Birds undergo stress while in the mist nets, being removed, waiting to be
processed, being processed, and being sampled. This involves significant human contact
and foreign experiences for the bird. In a study assessing the effect of stress on immune
function against E. coli, three of five tropical bird species showed an average of a 40%
decrease in immune response between samples taken from birds immediately after
capture, representing baseline stress levels, and samples taken from birds after 1 hour of
sitting in a fabric bag, representing increased stress levels. This stress also reduced
complement-mediated response against E. coli (Matson et al., 2006). Because stress
varies between species and individuals, it is possible that capture stress caused both intra
and interspecies variation in bacteriolysis that does not accurately represent baselinestress immune responses.

Issues in relating in vitro data to in vivo responses
In interpreting the borreliacidal abilities across species documented in this study,
it is important to take into account several factors that may affect bacteriolysis, creating
discrepancies between in vivo and in vitro responses. Issues from the use of a nonvirulent strain and the use of high passage strains will be discussed.

Loss of virulence with high passage strain
Prolonged in vitro cultivation of infectious isolates has been shown to change the
plasmid and protein profile and virulence of B. burgdorferi (Schwan et al., 1988,
Simpson et al., 1990, and Xu et al., 1996). High passage strains have been shown to lose
Erp proteins (Stevenson et al., 2002), lose the vls gene family, and result in mutant strains
defective in gene regulation (Anguita et al., 2003). Although threshold passage time
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varies, previous researchers have shown that B. burgdorferi B31 variant strains lose
pathogenicity after 10-17 passages (Norris et al., 1995; Zhang et al., 1997).
Unfortunately, the passage number from the initial freezer stock culture is
unknown. It was received labeled only as “high passage” by another lab that then
continued to passage it. The freezer stock received from this lab was then passaged a
total of nine times across the initial interspecific-comparison experiment, and then a
different freezer stock was passaged three times in the second mechanistic-determination
experiment. The number of passages across this study may be negligible in comparison
to the total number of passages the strain experienced, but trends toward a decrease in
bacteriolysis of catbird serum across assay dates creates concern. It is possible that there
was a change in gene expression or virulence over time either due to passages or other
culture conditions making the environment less ideal for Borrelia. This would confound
apparent species-specific differences and intraspecies variation. Because of the
sensitivity of in vitro culturing of Borrelia, it is likely that culture conditions impacted
these results.

Effect of using an attenuated strain
Due to safety concerns, the strain used in this assay was a non-virulent B31-A3
strain missing linear plasmid 25 (lp 25). Labandeira-Rey and Skare (2001) found that
samples missing lp25 were completely attenuated in all tissues of the mouse tested.
These clones persisted within the mouse but were unable to recolonize or disseminate
after reinfection. The importance of lp25 was further elucidated when mouse tissue was
plated with a mixed polyclonal pool of strains. When examined, all 139 clones contained
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lp25 even though only 10% of the polyclonal population contained lp25 initially. This
suggests this plasmid is required for maintenance of the spirochete within these tissues.
This plasmid plasticity may be a consequence of uneven plasmid distribution to
daughter cells during binary fission. It is also possible – and not mutually exclusive –
that plasmid plasticity may be adaptive if there are evasion of the host immune system is
sometimes aided by Borrelia carrying only a subset of plasmids. For example, the loss
of lp25 may result in decreases in bacteriolysis due to its importance in establishing
infection. These decreases may be species specific due to different host-pathogen
interactions, adding to interspecies variation in borreliacidal capabilities.

Biological significance of different morphological forms of B. burgdorferi
Another interesting response shown by B. burgdorferi in this immune assay was
its formation into round bodies and aggregates. B. burgdorferi is able to form cyst-like
structures often referred to as round bodies (RB) as well as aggregates of large numbers
of cells. RBs are spherical, membrane bounded structures that tend to be immobile or less
motile than their helical shaped counterparts (Brorson et al., 2009).
Understanding the cause and outcome of the formation of round bodies and
aggregates is important when conducting borreliacidal assays because it impacts
decisions about whether or not to count RBs as cells that the host serum has rendered
unviable.
Round body formation can be induced by stressful conditions such as oxidative
stress, extreme pH values, high temperatures (Murgia and Cinco, 2004) serum starvation
(Alban et al., 2000), changes in acidity-alkalinity salts, gas composition, concentrations
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of antibiotics, sugars, or transition from one growth medium to another of different
viscosity or temperature (Brorson et al., 2009). The viability of these forms of B.
burgdorferi is not well characterized, but it is hypothesized that round bodies may
represent a low metabolic activity state that allows the spirochete to survive in a hostile
environment until conditions are favorable again for multiplication (Murgia and Cinco,
2004). These cysts may also facilitate immune evasion, potentially allowing the
spirochete to survive in human tissues for decades, leading to neuroborreliosis in Lyme
disease patients (Sapi et al., 2011).
Most studies cite RB ability to revert back to the highly motile helical form when
conditions are favorable, but reversion to helical forms is not guaranteed and viability of
the cells is still under question (Sapi et al., 2011; Alban et al., 2000; Brorson et al., 2009;
and Murgia and Cinco, 2004). Recovery rates vary from a few days (Brorson et al.,
2009) to 10 to 30 days (Murgia and Cinco, 2003) depending on the type and intensity of
stress induced. Alban et al., (2000) reported a 29-52.5% reversion rate, and that viability
was inversely proportional to cyst age. Most studies however do not quantify this
reversion rate (Murgia and Cinco, 2004; Alban et al., 2000; Brorson et al., 2009).
Western blots showed significant differences in protein antigens in helical cells and RBs,
but some antigenic proteins persisted in cysts. The antigenic potential of these RBs are
still unknown (Murgia and Cinco, 2004).
Because of the inconsistent evidence about the viability of RBs, only 25% of RBs
that were stained “alive” by BacLight were quantified as alive, and 75% were quantified
as dead. Qualitatively similar results were obtained when counting all round bodies as
dead regardless of how they were stained by BacLight.
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Because there was not a clear increase in RBs across passage dates, the formation
of RBs was not directly correlated with passage number, but it is possible that different
culture conditions on different dates caused RB formation. It is also possible that the bird
serum was stressful to the Borrelia and induced RBs. This could be due to an immune
response or a host of other factors such as temperature, pH, or interactions with the
media. There was no correlation between the prevalence of RBs and percent
bacteriolysis between species. This may suggest several things; high prevalence of RBs
does not mean an effective host immune response, serum from some species may induce
stress that is insufficient for killing, or that RBs are forming from another source of stress
independent of bird serum.
Aggregates are a different stress-induced morphological form that consists of a
clump of several to 100s of both RBs and helical B. burgdorferi. OspA shows a great
degree of self-aggregation, potentially explaining the high levels of clumping found in in
vitro cultivation of B. burgdorferi. This may affect immune response in vitro due to
OspA’s antigenic properties (Anguita et al., 2003).
B. burgdorferi aggregates have recently been classified as biofilms, which are
polysaccharide based structures that provide protection in unfavorable conditions to
individuals within the aggregate (Sapi et al., 2012). This includes protection from
antibiotics would could lead to antibiotic resistance. Biofilms may also explain
discrepancies between in vivo and in vitro antibiotic response and persistent infection in
Lyme disease patients (Sapi et al., 2011).
These biofilms can be created from free floating bacteria or from bacteria
adhering to biotic or abiotic surfaces, eventually forming a 3D structure with a protective
layer consisting of a mixture of extracellular polymeric substances secreted by the cells.
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Sapi et al. (2012) observed channel like structures in B. burgdorferi biofilms, which may
provide oxygen and nutrients and remove waste products from embedded cells increasing
their survival potential. Biofilm surfaces also contain extracellular DNA (eDNA), which
maintains the structural integrity of the biofilm formation and enhances resistance to
environmental stressors. In a different bacteria, Pseudomonas aeruginosa, negatively
charged eDNA can chelate cations, including magnesium and calcium required in
complement pathway activation, and induce the expression of genes involved in the
modification of cell surface components and cells involved in antimicrobial resistance. It
has not been determined if B. burgdorferi biofilms are capable of this, but if they are,
biofilm could allow for greater resistance against host complement both in vitro and in
vivo. Although this is very preliminary data and the consequences of these aggregates
have not been determined, aggregates and biofilms are important to discuss regarding
Borrelia’s response to stress.
There was no correlation between the amount of Borrelia in aggregates and the
number of culture passages, suggesting that the culture conditions were not responsible
for inducing aggregates. There also was no correlation between the prevalence of
aggregates and bacteriolysis between species, suggesting that like RBs, the formation of
aggregates does not necessarily signify effective stress caused by avian serum. It is
impossible to discern what caused aggregates in this study, but it is likely a combination
of several stress inducing effects. It is unclear if aggregates affected complement activity
in this study, but because there is no clear correlation in aggregate prevalence and
bacteriolysis, it likely did not affect species differences that were detected in this assay.

.
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Importance of tick vector in immune response
The protocol of mixing avian serum with B. burgdorferi culture used in this assay
does not mimic the natural tick vector and the natural progression of Osp expression
during transmission and infection. This creates difficulties in interpreting the biological
significance of these results. The intricate process of transmission of B. burgdorferi from
the Ixodes tick vector to vertebrate host is the quintessential event maintaining B.
burgdorferi in the population. As explained previously, several genetic changes occur
over the course of transmission in B. burgdorferi, facilitating transmission. To initiate
feeding, the spirochete simultaneously downregulates OspA and upregulates OspC,
allowing it to move from the tick midgut to the salivary glands of the tick and eventually
into the vertebrate host (Kurtenbach et al., 2002).
This transmission is not however a simple task, as the tick must tear through the
dermis to obtain the blood meal from the hematoma that forms at the feeding site. This
activates the hosts’ hemostatic and innate immune defenses, drawing innate immune
response cells such as neutrophils and macrophages to the feeding site. This makes it
appear disadvantageous for B. burgdorferi to rely on a vector that instigates such a strong
immediate immune response, but the spirochete actually has a distinct advantage by using
the tick because the tick saliva contains potent suppressant proteins of host immune
defense that impair neutrophils, machrophages, B-cells, T-cells, and complement
pathways in several ways (Fikrig & Narasimhan, 2006). These effects have been seen
directly during feeding and for 4 to 5 days after engorgement. This inhibition of antigen
presenting cells as well as other elements of the innate immune response allows for the
establishment and dissemination of B. burgdorferi within the host (Zeidner et al., 1997).
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The importance of this is shown in the contrast of bacteriolysis values between
studies using the natural tick vector and studies using other artificial inoculation methods
(Zeidner et al., 1997, Keane-Meyers & Nickell, 1995, Rao & Frey, 1995). The
discrepancy may be partially due to the high expression of OspA in vitro that is not
expressed during early in vivo infection (Zeidner et al., 1997).
Either way, tick-spirochete interaction and subsequent infection of the vertebrate
host is clearly directly linked to the immunosuppressant capability of the tick. Therefore,
studies such as this one that do not infect through the natural tick route are ignoring the
immunosuppressant effects of the saliva and may be altering several crucial genetic
changes in surface proteins of the spirochete that serve as antigen binding sites, thereby
making the in vitro response potentially poorly correlated with in vivo response.
The sensitivity of B. burgdorferi to slightly different culture conditions
exemplifies the issues in assessing the current base of scientific information on B.
burgdorferi and shows how sensitive and adaptive B. burgdorferi can be. It also
complicates application of vitro results to in vivo biological relevance because slight
changes in culture conditions results in markedly different behavior by the Borrelia.
Culture in this assay was initially difficult to grow, but it is unclear why this was.

Conclusions and next steps
The results presented in this study suggest an immune response mechanism
explaining previously documented reservoir incompetency of various songbird species.
The competence of American robins and the incompetence of gray catbirds are consistent
with these data, and trends of other species’ competencies are suggested although species
numbers are limited. The results examining the role of complement pathway activation
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in borreliacidal activity were ambiguous but may suggest that catbirds exhibit an
antibody independent complement response. The inconsistencies among birds that
experienced the same treatment in the interspecific-comparison experiment and the
mechanism-determination experiment assay is concerning. Because the bacteriolysis
from the complement assay was lower than the media control values, it is likely that the
values from this mechanism-determining experiment are not biologically accurate and
that there was some flaw in the experimental design.
Although providing exciting preliminary data on the mechanisms determining
host competency, the results leave many questions unanswered. To improve upon this
experiment, low passage, virulent isolates should be used, and assay times should be
longer to determine full borreliacidal activities. This time frame should be determined by
examining bacteriolysis until it plateaus in a number of species. A time point near the
beginning of this plateau will represent a species’ maximum bacteriolysis. If possible,
natural infection by tick by capturing birds and allowing known-positive ticks to feed on
the birds would lead to more accurate in vivo responses to infection by B. burgdorferi.
Borreliacidal activities should be examined alongside Borrelia history of the bird to
determine the role of antibodies in the immune response. This can be determined by an
enzyme-linked immunosorbent assay (ELISA) and immunoblots. Additionally, higher
species numbers that are evenly spread out across sample dates would more accurately
represent the population. This would elucidate any differences in season, age, or sex and
give a clearer test for differences in competence. Finally, bird body temperature should
be assessed at the time of sampling to investigate the role of body temperature in
reservoir competency.
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Complement activation should be more accurately assessed with definite positive
and negative controls showing the assay is in fact working. These controls could come
from commercial serum of animals known to be complement sensitive and insensitive,
respectively. Determination of what species to use would depend on what genospecies of
B. burgdorferi is being tested, but two possible candidates are white-tailed deer and
white-footed mouse. Observing complement activation in multiple species and not just
catbirds may also lead to explanations of why certain species are more reservoir
competent than others.
Future research should also examine the possible effects of B. burgdorferi binding
to host factor H, differences in MHC profiles, antigenic variability in B. burgdorferi, and
other mechanisms of immune defense. Stevenson et al.’s (2002) protocol examining
differential binding of B. burgdorferi to host species factor H, could be mimicked for
different songbird host species. Similarly, Kelley et al. (2005) suggest a protocol that
could be used to compare songbird MHC profiles. To observe antigenic variability,
ELISA and immunoblots could be used to determine which antibodies different songbirds
are producing against B. burgdorferi infection (Martinez et al., 2003, Staszewski et al.,
2008) and how mutant strains affect antibody response (Rathinavelu et al., 2003,
Connolly & Benach, 2005, van Dam et al., 1997)
The more knowledge gained about B. burgdorferi, the more complex and unique
it is shown to be. The number of genospecies, variation in gene expression under
different circumstances, its ability to evade the immune system of a range of host species,
and maintain chronic infection (e.g. in humans and dogs) shows how much B.
burgdorferi has evolved and the potential it has to be increasingly prevalent and
infectious. The more time that passes before combating this pathogen, the more time B.
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burgdorferi has to potentially expand its geographic range and range of vertebrate hosts.
This may lead to higher genetic diversity, making it harder to prevent or control.
Understanding the spirochete and its host relationships, especially immune response, is
crucial in understanding and preventing Lyme disease, an increasingly prevalent zoonosis
with possibly severe consequences.
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